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This research was focused on developing a new scientiﬁc approach for prioritising recycling of end-of-life
products in a circular economy. To date, product complexity based on the mixture of materials has been
used as a predictor of what gets recycled. While the separation of materials that make up a product has
been modelled as a measure of product complexity, this does not taken into account the beneﬁts and
considerations in recycling products. In this paper, a new agenda and approach to prioritise the recycling
of products was developed based on a recycling desirability index. The material mixing complexity
measure was inverted into a simplicity index and then extended by modelling the security index for the
mix of materials and the technological readiness level of recycling technologies. The extended model is
proposed as an integrated measure of the desirability of recycling end-of-life products. From this anal-
ysis, an apparent recycling desirability boundary, enabling products to be prioritised for recycling, was
developed. This model and analysis can be used as an information source in developing policies and
product recycling priorities.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
A product made up of more than one material will usually be
required to undergo material separation prior to recycling. Many
manufactured products fall into this category. For instance, a mo-
bile phone and television board can be made from a dozen of
materials ranging from plastic to base metals and precious metals
(Hagelüken, 2006). These products are more complex compared
with beverage plastic bottles that are built typically using 96%
plastic and 4% paper or plastic label (Yam, 2009). The higher the
number of material types used in a product, the more complex
material separation becomes (Dahmus and Gutowski, 2007).
End-of-life products retain substantial worth if they can be
separated into isolated forms that used in the production of new
products (Despeisse et al., 2015). Therefore, the act of separating
material is key to recycling. A product may have been built from
either one or a number of components. Similarly, one ormany types
of materials can make up a particular component. A product can
also have similar types of materials distributed within different
parts or components. Products built from a single type of materialchester.ac.uk, alamin@utem.
r Ltd. This is an open access articledo not require material separation and directly proceed to the
recycling process if the technology exists. Such a material is an easy
candidate for recycling.
Research related to material separation can be traced back to
Sherwood (1959) and Dahmus and Gutowski (2007). Both
addressed the difﬁculty of material separation. Sherwood (1959)
researched the relationship between the difﬁculty of extracting
minerals from ore and the market price of the material. Dahmus
and Gutowski (2007) later adapted a similar approach for prod-
ucts by establishing a mathematical equation for the difﬁculty of
material separation.1.1. The material separation adoption into product recycling
Sherwood (1959) analysed the connection between the market
value of a metal and its concentration in the ore fromwhich it was
obtained. It was assumed that the metal is much easier to extract
into its pure substance states from ore where it is in high concen-
trations. He concluded that the metal's market prices were pro-
portional to their concentration.
The concept of the Sherwood plot was further developed by
Gutowski and Dahmus (2005) who modelled material mixing in a
product. The ‘material mixing complexity measure’ or ‘complexity
measure’, H was deﬁned as an index to assess the complexity of theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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function of the sum of binary logarithm of the constituent material
fractions. They plotted the relationship between the recycled ma-
terial's market value ($) and the complexity material mixing, H
(bits). The authors identiﬁed a gradient line that separated products
into those with a higher percentage of recycling (above the line),
and thosewith a lower percentage of recycling (below the line). The
line was named the apparent recycling boundary.1.1.1. The complexity measure
The ‘complexity measure of material mixing’ quantitatively eval-
uates the difﬁculty in separating materials that make up a product.
This is quantiﬁed by a parameter H (bits) based on binary separa-
tion steps. This is the set of individual separations that are pro-
gressively required to separate the materials of a product. The
concept is illustrated in Fig. 1 by the tree diagram. The trunk is the
input stream (product) and the branch ends are the material group
(Dahmus and Gutowski, 2007). In the example shown in Fig. 1, the
product of mass Mtotal on the left hand side consists of ﬁve con-
stituent materials that are then progressively separated into the
form of a branching tree to masses M1, M2, M3, M4 and M5.
In the material separation tree, each square represents a binary
separation process (Process1, Process2, Process3 and Process4). For
any given separation tree, the separation steps are taken as an
assessment of material ‘mixing’. Fewer separation steps would
correspond to a product with relatively lowmaterial ‘mixing’ while
more separation steps would correspond to a product with higher
material ‘mixing’. Based on this, the material mixing complexity
measure formulation was developed. The mass fraction Ci, of a
material to be separated was calculated by equation (1).
Ci ¼
Mi
Mtotal
(1)
where Ci is the mass fraction of a material in a part that makes a
product assembly, Mi is the actual mass in kilogram (kg) of the
component/material and Mtotal is the total mass of the product
assembly.
Summing up these separations represents the disassembly
tasks. The complexity Hm of separating materials was modelled by
equation (2).
Hm ¼ K
XM
i¼1
Ci log Ci (2)
where M is the number of component materials in a mixture. Ci is
the material mass fraction as deﬁned before in equation (1), and K
is a constant value of 1 used to change the values into a positive
index. The base of two logarithms is used to represent the binary
separation applied to retrieve a material or component.
In some cases, one hundred percent disassembly may not beFig. 1. Material mixing separation tree diagram, adapted from Dahmus and Gutowski
(2007)possible due to the condition of parts or difﬁculty of reversing the
joining method. This is not an uncommon problem in
manufacturing and in such cases a utilisation factor can be used. For
example 75% of the parts could be disassembled; the complexity
could be increased by dividing them by 75%. Recent research has
investigated the condition of parts and used this information to
assess re-manufacturing feasibility (Colledani and Battaïa, 2016).
More research is required to develop a disassembly difﬁculty rating
for different joining methods and conditions of end-of-life
products.
1.2. Further reﬁnement of complexity modelling
The complexity measure was used to predict which materials
get recycled for a number of products as shown in Fig. 1. However,
there are a number of areas in which the research can be taken
forward. The Dahmus and Gutowski's (2007) model was based on
the total weight fraction of eachmaterial in a product. This does not
capture the distribution of the same material category in different
parts or components of the same product. If one material category
is available in many parts of a product then this can imply more
separation steps. It is recommended here that this would increase
product complexity and can be solved by taking the fraction of each
separate material part and extending Fig. 1. This is illustrated in
Fig. 2 as M5-Part A and M5-Part B.
1.3. Research motivation
The authors also consider some of the drivers for a circular
economy and the recycling business. It is argued here that some
materials should be recycled if it is good for the environment and if
it addresses materials scarcity, provided that the technology to do
so is available and mature. In a world of constrained resources, it is
important to consider what the recycling priorities should be for
nation states and economic regions. The previous models, focussed
onmaterial separation steps only. Themotivation for this studywas
to build on previous product complexity modelling, and to consider
the additional factors important in prioritising product recycling.
Material scarcity, and hence security and availability of technology,
are modelled in a new approach capturing the desirability of
product recycling.
2. Proposed new product recycling desirability model
The ease of material disassembly or separation is relevant to
consider before recycling. Hence, the complexity index is used to
measure the technical and physical challenges of material separa-
tion. However, it does not capture some important information
regarding recycling. For instance, for recycling to be successful, a
mature recycling technology needs to be in-place. The Technology
Readiness Level (TRL) is suggested to be integrated as anFig. 2. Material mixing separation tree diagram considering multiple same material
parts.
Table 1
The Top 20 Highly Insecure Materials For UK Economy, extracted from Morley and
Eatherley (2008).
Rank Material MSI Material Risk Supply Risk
GC Sub GWP TMR Scarcity MS PS CCV
1 Gold 21 2 2 3 3 3 2 3 3
2 Rhodium 20 1 3 3 3 2 3 2 3
3 Mercury 20 2 2 3 2 2 3 3 3
4 Platinum 20 1 2 3 3 3 3 2 3
5 Strontium 19 2 2 3 2 3 1 3 3
6 Silver 19 2 2 3 2 3 1 3 3
7 Antimony 19 2 2 2 1 3 3 3 3
8 Tin 19 2 3 2 2 3 1 3 3
9 Magnesium 18 2 3 2 1 2 2 3 3
10 Tungsten 18 2 2 2 2 2 2 3 3
11 Baryte 18 2 2 2 2 2 2 3 3
12 Talc 18 2 2 2 2 2 2 3 3
13 Bismuth 18 2 2 2 2 2 2 3 3
14 Palladium 18 1 2 3 3 3 2 3 1
15 Nickel 18 3 2 2 2 3 2 3 1
16 Boron 18 3 2 2 1 2 3 3 2
17 Andalusite 18 2 2 2 2 2 3 2 3
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Another point that has not been addressed is the criticality of
the particular product materials. There are some materials which
can be classiﬁed as rare earth metals, precious metals and critical
metals. These materials are highly desirable to recover from used
products. These are materials which are either difﬁcult to obtain,
scarce, and/or the depletion of the reserves lower the security of
the materials. In order to assess this, Material Security Index (MSI)
was used. This index combines numerous complex factors inter-
connected to the importance of raw materials and changing supply
conditions (Chapman et al., 2014).
Integrating product complexity, recycling TRL and the criticality
of the materials, presents a more robust method for prioritising
product recycling activities. This integration is presented here as a
Recycling Desirability Index (RDI). The TRL and MSI are universally
used and are independent principles and concepts. This integration
into a desirability index builds upon accepted concepts enabling a
generic approach to the global assessment of recycling potential.
The rationale for integration is illustrated in Fig. 3.18 Molybdenum 17 2 3 2 2 2 2 2 2
19 Zinc 17 3 2 1 1 3 1 3 3
20 Holmium 17 1 2 2 2 2 2 3 3
MSI- Material Security Index: GC- Global Consumption; Sub- Substitutability; GWP-
Global Warming Potential; TMR-Total Material Requirement; Scarcity; MS-
Monopoly Supply; PS-Political Stability; CCVe Climate Change Vulnerability.2.1. Material security index
Material security can be simply expressed as the availability and
access to the material resources onwhich economies depend on, as
well as the ability to cope with volatility, increasing scarcity and
rising prices (Eco-innovation, 2015). The baseline is that there is no
harm to the country's economy due to the shortage or limited ac-
cess to the speciﬁc material. Material security is a negative mea-
sure, i.e. a lack of scarcity in achieving the lowest acceptable limit,
rather than a positive need for abundance (Morley and Eatherley,
2008).
Material criticality is also a determination of which materials
that ﬂow through an industry or economy are most important to
the production process. It concerns the access to the raw materials
to ensure economic sufﬁciency. Recently, its importance has
increased due to limited short-term availability of some materials.
Materials are most insecure when there is lack of substitutability in
demanded applications and this is inﬂuenced by many factors.
Research related to the critical materials can be found in literature
and the concept has been established globally (Habib and Wenzel,
2015).
Related to the material security for the UK economy, Morley and
Eatherley (2008) ranked 60 insecure materials, the top 20 are
extracted and shown in Table 1. These were ranked according to
eight individual factor combinations that mainly fall undermaterial
risk and supply risk. Material risks included: global consumptionFig. 3. Proposed product recycling desirability model.level, lack of substitutability, global warming potential and total
material requirement. Supply risks were categorised by: scarcity,
monopoly supply, political instability in key supplying regions, and
vulnerability to the effects of climate change in key supplying re-
gions. The circular economy can be driven by an Extended Producer
Responsibility Scheme. Under such a scheme, the manufacturer has
the necessary information with regards the materials from which
parts were made. In cases where third parties or end-users are
doing the recycling, the product information could be assumed
from the nearest known cases for initial analysis and then revised
after disassembly. Three dimensional and x-ray scanning can also
be used to identify components and materials in product
assemblies.2.2. Recycling technology readiness level
The Technology Readiness (TRL) is a technological maturity
assessment approach. TRL examines program concepts, technology
requirements and demonstrated technology capabilities. This
concept originated from the United States National Aeronautics and
Space Administration (NASA) TRL, which was developed by Stan
Sadin in 1974 to serve NASA's space program (Straub, 2015). It
contained seven levels of metrics which were later codiﬁed into
nine after going through various stages of enhancement (Jimenez
and Mavris, 2014; Sadin et al., 1989). The TRL is well-established
and applied in various research approaches to assess technology
readiness. In the UK aerospace industry, companies such as Rolls
Royce Plc implement this as the Manufacturing Capability Readi-
ness Level (MCRL).
At present, many industrial sectors are using TRL approaches for
assessing their technology readiness. For instance, the composites
recycling technology (Rybicka et al., 2016), automotive technology
(Williamson and Beasley, 2011), aviation innovation (Nakamura
et al., 2012), technologies to enable autonomous detection (Hook-
barnard et al., 2014), waste processing facilities (Alexander and
Sutter, 2008), system development planning (Magnaye et al.,
2010), carbon dioxide capturing technologies (Bakhtiary-Davijany
and Myhrvold, 2013), as well as nuclear fuels and materials
Table 2
TRL Description adapted from Williamson and Beasley (2011).
Descriptions TRL
The technology has been successfully applied under real conditions 9
The technology has been proven to work in expected conditions 8
Multiple prototypes demonstrated in an operational environment 7
A prototype of the system demonstrated within a laboratory or similar
operational environment
6
The component validated in a relevant environment 5
The technology component validated in a laboratory 4
Performance exploration by analytical
experimentation/proof-of-concept
3
Experiments have been undertaken;
Performance predictions have been reﬁned
2
Basic principles observed or reported;
The performance has been predicted
1
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Table 2, is proposed to be applied to the product recycling desir-
ability model in Fig. 3.
A review on recycling technology based on the technology
readiness was done by Rybicka et al. (2016) for compositematerials.
The TRL scalewas mapped to various recycling technologies such as
incineration, pyrolysis, mechanical grinding, ﬂuidised bed and
solvolysis. This assessment is shown in Table 3. Such a catego-
risation of recycling technologies for different materials can be
done for a selected country and geographical location, taking into
account the locally available technologies. If no recycling technol-
ogies exist then the assessment of technology readiness may be
ignored. The materials found to be most desirable to recycle can
then be targets for development or sourcing of recycling
technologies.2.3. The product recycling desirability index: a model development
In order to develop the new recycling desirability index, the
scale of key attribute of factor is considered. The position of the
target material on the scale is expressed as a percentage. For
example, the material security ranking and TRL score for the UK
data are divided by the maximum score or ranking of 24 (material
security) and 9 (TRL) as in Tables 2 and 3. A similar approach is used
for complexity where the complexity top scale was taken as 3.5.
This enables normalising assessment measures to allow integra-
tion. Additionally, as in the complexity measure, the mass fraction
is also considered. The new mathematical treatment is explained
below.
The recycling desirability, considering the material security in-
dex, is modelled by parameterDMSI according to equation (3).
DMSI ¼
Xn
i¼1

MiSi
MTStop

(3)
where n is the maximum number of a particular discrete material
type in the product,Mi andMT are themass of material in a productTable 3
TRL score for composites materials (Rybicka et al., 2016).
Composites Recycling Technology Carbon Fibre Glass Fibre
Incineration and landﬁll 9 9
Pyrolysis 9 7
Mechanical grinding 7 8
Fluidised bed 4 4
Solvolysis 4 4
Microwave heating 3 3or component and total product mass respectively, and Si is the
material security index of recycling a particular material that is part
of a product assembly and Stop is the top scale for the material se-
curity index. This is taken as 24 for this study according to the
United Kingdom scale published by Morley and Eatherley (2008).
The country speciﬁc scales can be considered. An industry sector/
company or stakeholder could also develop its material security
index and use it for the purposes of this analysis.
The recycling desirability, considering recycling technology
maturity, is represented by parameterDTRL, as modelled in equation
(4).
DTRL ¼
Xn
i¼1

MiRi
MTRtop

(4)
where n is the maximum number of a particular recycling tech-
nology used in a product, Mi and MT are the mass of the discrete
material in a product or component and total product mass
respectively, as deﬁned before. Ri is the technology readiness level
assessment of recycling technology for a particular material that is
part of the product assembly, Rtop is the top scale for the TRL scale
and this is 9. In equations (3) and (4), the log scale has not been
used because the material separation steps are modelled already in
the complexity measure.
The recycling desirability index considering simplicity of sepa-
rating materials (the inverse of complexity), is modelled according
to equations (5) and (6).
DSimplicity ¼ 1

H
Htop

(5)
whereDSimplicity is material separation simplicity, taking into ac-
count mass fraction and distributed materials for parts. Where H is
the complexity index which was obtained using equation (2) and
Htop, is the top scale for the material complexity index taken as 3.5.
DDesirability is the aggregate desirability recycling index for a
selected product considering multiple factors of products
simplicity, material security index of constituent materials and the
maturity of technologies for reclaiming the materials. This is
modelled in equation (6).
DDesirability ¼

DSimplicity þ DMSI þ DTRL

(6)3. The product recycling desirability index: exemplary
application
As an example for the refrigerator of Model 97 (Kim et al., 2006),
the desirability index is calculated using equation (6). For the ma-
terial security index materials that are not on the material security
index list for a given country, are given a rank of zero. In this
example of a refrigerator, brass was considered as zinc and copper
at 40% and 60% as typical of navel brass (Granta Design, 2015). For
the product, the material security ranking of iron, copper and zinc
were used for obtaining material security index as these appeared
on the UK list of insecure materials. Some of the calculation details
are shown in Table 4.
The detailed calculations are shown below.
DMSIcopper ¼

2:88kg  16
99:8kg  24þ
0:108kg  16
99:8kg  24

¼ 0:0197
Table 4
Refrigerator's material composition for recycling desirability index calculation.
Material Mass (Kg) Mi
Mtotal
DMSI DTRl DSimplicity DDesirability
Steel 56.60 0.566
Iron 5.40 0.054
Aluminium 2.50 0.025
Copper 3.20 0.032
Brass 0.20 0.002 0.055 0.998 0.509 1.562
Rubber 28.10 0.281
Fiberglass 0.10 0.001
Glass 3.40 0.034
Refrigerant 0.10 0.001
Oil 0.20 0.002
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
0:072kg  17
99:8kg  24

¼ 0:0005
DMSI refrigerator ¼ ð0:0304þ 0:0197þ 0:0005Þ ¼ 0:0551
The recycling technology for most electrical and electronic
equipment including a refrigerator is considered mature and hence
a TRL scale of 9 was used. The recycling process is possible using
available recycling technology. This had developed due to EU
legislation adopted by the UK on Waste Electrical and Electronic
Equipment (WEEE); Restriction of the use of certain Hazardous
Substances in electrical and electronic equipment (RoHs); and
Registration, Evaluation, Authorisation and restriction of Chemicals
(REACH) (Sezen and Çankaya, 2013; Umeda et al., 2012).DTRL refrigerator ¼

56:60kg  9
99:80kg  9

þ

5:40kg  9
99:80kg  9

þ

2:50kg  9
99:80kg  9

þ

3:20kg  9
99:80kg  9

þ

0:2kg  9
99:80kg  9

þ

28:10kg  9
99:80kg  9

þ

0:10kg  8
99:80kg  9

þ

3:4kg  9
99:80kg  9

þ

0:1kg  9
99:80kg  9

þ

0:2kg  9
99:80kg  9

¼ 0:998The complexity of material mixing value of 1.72 is calculated
using equation (2). Due to inverse nature of the complexity index in
this model, the value was subtracted to obtain a positiveTable 5
Product indices value towards products recycling desirability index.
No Product Simplicity Material Security
Desirability
Technology Readine
Desirability
1 Car battery 0.64 0.446 1.00
2 Mobile Phone 0.38 0.569 1.00
3 PET bottle 0.92 0.000 1.00
4 DVD-R 0.51 0.401 1.00
5 Desktop computer 0.25 0.587 1.00
6 Wind turbine 100 kW 0.78 0.003 0.90
7 Wind Turbine blades
20 kW
0.73 0.000 0.89
8 Wind Turbine blades
5 kW
0.73 0.000 0.89
9 Refrigerator 0.51 0.055 1.00
10 Tyre 0.55 0.000 1.00
11 Coffee maker 0.52 0.019 1.00
12 Ergo chair 0.50 0.000 1.00mathematical index as in equation (5).
DSimplicityrefrigerator ¼ 1

1:720
3:500

¼ 0:509
DDesirability refrigerator ¼ ð0:055þ 0:998þ 0:509Þ ¼ 1:562
So, the product desirability index for the refrigerator is 1.562.
For this study, a number of products were considered from the
work done by Dahmus and Gutowski (2007). These were supple-
mented by the wind turbine blades to reﬂect the work being done
by the authors in composite recycling (Shuaib et al., 2015). The
products data summary is shown in Table 5 for all the selected
products. The aggregate value of the product materials and the
recycling rates for the products was also captured.3.1. The “what should be recycled”: a new model
The discrete indices for material recycling desirability were
plotted against the product's total virgin material value. Fig. 4
shows the aggregate desirability index for the product data
shown in Table 5. The price data was obtained from CES Edupack
Educational Edition (Granta Design, 2015). Fig. 4 illustrates the
distribution of products based on recycling desirability index. Cir-
cles in the ﬁgure demonstrate the product's recycling rates in the
United Kingdom based on Table 6. Table 6 shows recycling rates and
production amount of selected products in the United Kingdom
(UK) and the United states (US). A refrigerator, tyre and car battery,
had high recycling rates in both countries. The wind turbine blade,mobile phone and coffee maker had low recycling rates. This data
was gathered from publicly available sources such as from the UK
Waste and Resources Action Programme (WRAP) and the US
Environmental Protection Agency (EPA). The details of data sources
and additional information are available in Appendix A1eA4. Thess Total Recycling
Desirability
Total Virgin Material Value (£) (Granta Design,
2015)
2.08 56.15
1.95 10.26
1.92 0.09
1.91 10.91
1.83 281.22
1.68 43322.13
1.62 946.50
1.62 353.85
1.56 346.67
1.55 28.90
1.54 2.21
1.50 25.00
Fig. 4. Distribution of Selected Products in the ‘what should be recycled’ Model.
Table 6
Recycling rates and the number of selected products.
No Product Recycling Rates (%) Amount
UK US UK US
1 Car battery 90 99 1 270 000 2 730 000 unit
2 PET bottle 52 31 3 518 800 2 600 000 tonnes
3 Mobile Phone 11 11 89 900 000 235 600 000 unit
4 DVDR Player 38 29 23 600 000 25 230 000 unit
5 Desktop Computer 38 40 2 355 000 23 500 784 unit
6 Refrigerator 98 82 2 400 000 11 639 000 unit
7 Tyre 98 80 1 500 000 252 700 000 unit
8 Coffee Maker 22 29 6 900 000 24 000 000 unit
9 Ergo Chair 75 54 30 000 35 000 unit
10 Wind turbine blade 2 0 7410 4300 unit
A.A. Mohamed Sultan et al. / Journal of Cleaner Production 154 (2017) 51e6056Pearson product-moment correlation coefﬁcient analysis is a
measure of the strength and direction of the linear relationship
between two variables. Based on this, both the US and UK have
positive correlation 0.82 in term of recycling rates. It means that
there is some coherence in recycling uptake for the two countries.
From Fig. 4, products appearing in the top right hand corner i.e.
high recycling desirability index and high material value, should be
prioritised for recycling. A recycling desirability boundary is
introduced in Fig. 4 and shown by the dotted line. To aid further
discussion the details of the recycling rates are shown in Fig. 5
(which magniﬁes an area of interest from Fig. 4). It is noted that;
 The desirability model indicates that the car battery (with 90%
UK recycling rate), is a highly desirable product for recycling.
This is due to less material separation process and also, high
amount of precious metal (e.g. lead), captured in themodel. This
is a good example where the uptake of recycling is in synergy
with recycling desirability.
 The refrigerator is desirable to recycle and the market uptake of
recycling appears to reﬂect this value.
 The mobile phone (with 11% UK recycling rates), is ranked very
high in terms of recycling desirability. This is because it has a
substantial number of critical materials (e.g. gold, silver, chro-
mium, copper, iron, nickel, lead, palladium, tin and zinc). The
recycling of mobile phones needs to be prioritised. The desktop
computer and the DVD-R are also desirable products to priori-
tise for recycling. Current uptake is modest. The wind turbine blades show the lowest recycling rates.
However the larger wind turbine (with 2% UK recycling rate),
appears to be one of the most desirable to recycle. This is
because it is relatively simple compared to consumer products.
It is notable that the number of wind turbines installed was also
smaller than the other products. However, this is the right time
to start and plan the end-of-life management of wind turbine
blades because most of the installed wind turbines will be
deployed after 15e25 years of usage. Legislation on disposal of
composites to landﬁll could also encourage greater recycling. In
addition, if the value of composites is captured (they are not
currently on material security index), their recycling could be
desirable.3.2. Applications of product recycling desirability index
internationally
The European Union (EU), USA and India material criticality data
was assessed in addition to the UK data in order to investigate the
international perspective. Material Security Index for the EU was
calculated by utilising information on supply risk and economic
importance of 49 types of materials (European Commission, 2014).
The EU supply risk evaluates the recyclability, substitutability and
HerﬁndahleHirsch-mann-Index, while economic importance is
based on the total value added of the production sectors that
depend on the speciﬁc raw material (Asamrai and Raheb, 2015).
Fig. 5. UK recycling percentages and recycling desirability detail.
Table 7
Product recycling desirability index on international applications.
Product Desirability UK Desirability EU Desirability USA Desirability India
1 Car battery 2.08 1.65 1.79 1.73
2 Mobile Phone 1.95 1.76 1.56 1.93
3 PET bottle 1.92 1.92 1.92 1.92
4 DVD-R 1.91 1.54 1.52 1.81
5 Desktop Computer 1.83 1.72 1.85 2.25
6 Wind turbine 100 kW 1.68 1.68 1.71 1.74
7 WT blades 20 kW 1.62 1.62 1.62 1.62
8 WT blades 5 kW 1.62 1.62 1.62 1.62
9 Refrigerator 1.56 1.69 1.58 1.68
10 Tyre 1.55 1.86 1.55 1.55
11 Coffee Maker 1.54 1.53 1.53 1.62
12 Ergo Chair 1.50 1.68 1.65 1.64
A.A. Mohamed Sultan et al. / Journal of Cleaner Production 154 (2017) 51e60 57Whereas for the USA, 78 types of material were assessed as highly
insecure by considering supply risk, production growth, market
dynamics and potential criticality (National Science and
Technology Council, 2016). Whilst, India only recognised 33 types
of materials as critical based on their economic importance and
import dependency (Gupta and Ganesan, 2014).
Table 7 shows product recycling desirability index for the EU,
the USA and India in comparison to the UK. The results indicate that
the inferred ranking of recycling varies between countries as pre-
dicted by differences in material security lists and indexes. This is
an important factor to consider when developing priorities. Local
material security factors should be modelled in order to make
better prioritisation or recycling decisions.
4. Generic importance of recycling desirability approach
The existing body of knowledge and work found in literature is
based on the hypothesis that product complexity can be used as a
predictor of what gets recycled. In this new contribution, authors
have improved the implementation of the complexity measure by
considering number of components and not just number of mate-
rials. This is important because in a complex assembled product,
many components may be made from one material. Thus, consid-
ering the number of material combinations misses the total
possible number of dis-assembly steps needed to enable recycling.
In this paper, authors have further set a new agenda for research
by proposing the need to evaluatewhat should be recycled. Authors
have brought the important factor of material security into thedecision tool as well as availability of recycling technology. This is a
generic and important approach that can be used by other re-
searchers in considering other factors that should inﬂuence priority
in a circular economy. The new mathematical models for recycling
desirability provide a blueprint for other researchers to develop
decision tools for recycling. This information system can be
important for a company that has many end-of-life products and
wants to decide where to focus recycling. The approach can also be
valuable for a country when developing priorities for recycling.
Stakeholders can be engaged to deﬁne the critical parameters and
then these can be modelled using the new information theory on
recycling desirability.
The new information theory and desirability model in this paper
has been applied to recycling, but it can equally be used for other
options in a circular economy, for example, when prioritising
remanufacturing.
5. Conclusions
This paper has presented a new approach to evaluate material
recycling desirability of different products. The work presented
here captures and quantiﬁes four factors that are signiﬁcant in the
recycling of products at their end of life. This was based on the
simplicity in taking products apart, material security index, matu-
rity of recycling technology and monetary value of materials.
Material security has to be considered because it captures ma-
terial scarcity, depletion, substitutability, total material require-
ment, monopoly of supply, political stability, global warming
Table A1
Product volume for the United States.
Sources Product Amount Note/Assumptions
(NationMaster,
2010)
Car battery 2 730 000 Assumed to be equal to car
production
(US EPA, 2011) Mobile phone 235600000 e
(Jozefek, 2014) PET bottle 2 600 000 Tonnes, yearly production
(Statista, 2013) DVD-R 13 840 000 e
(US EPA, 2011) Desktop
computer
23 500 784 e
(AWEA, 2015) Wind turbine 4300 Yearly production
(Statinfo, 2005) Refrigerator 11 639 000 e
(MTD, 2015) Tire 252 700 000 e
(Statista, 2010) Coffee maker 24 000 000 e
(Rookley, 2016) Ergo chair 35 000 Personal contact with Aeron
Chair.
Table A2
Product volume for the United Kingdom.
Source Product Amount Note/Assumptions
(NationMaster,
2010)
Car battery 1 270 000 Assumed to be equal to car
production
(PlasticsEurope,
2013)
PET bottle 3 518 800 Yearly Demand in tonnes
(Ofcom, 2015) Mobile
phone
89900000 Total user
(Statista, 2013) DVD-R 23 600 000 Yearly production
(McDonald,
2013)
Desktop
computer
2 355 000 sales in unit
(RenewableUK,
2013)
Wind
turbine
7410 Total 23597 installed in the UK. 7410
yearly installation
(BBC, 2004) Refrigerator 2 400 000 Unit/Wasted yearly
(TIF, 2011) Tire 1 500 000 Yearly production unit
(Silverman,
2013)
Coffee
maker
6 900 000 Assumption of 100GBP per unit
(Rookley, 2016) Ergo chair 30 000 Personal Contact with Aeron Chair
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The new informationmodel allows for amathematical approach
and the application of a quantitative analysis model, to better un-
derstand and evaluate priority products for recycling. This generic
approach can be valuable for setting regional, national and inter-
national recycling policy, or for companies deciding on priority
products for a circular economy.
Existing approaches based on material complexity were able to
predict what gets recycled. However, they did not address the
question of what should be recycled.
For the products considered in the UK, the ﬁndings suggest that
the mobile phones, car batteries and large wind turbines should be
prioritised for recycling. The recycling rates for mobile phones are
currently low. Wind turbines will become more critical in recycling
as more products reach their end of life so it is timely to develop the
technology now.
The product complexity model was reﬁned to capture the dis-
tribution of the same material category in different parts or com-
ponents of the same product. If one material category is available in
many parts of a product then this can imply more separation steps.
It is recommended here that this would increase product
complexity and can be solved by taking the fraction of each sepa-
rate material.
5.1. Discussion of assumptions and future work
 It has been assumed that the material security assessment is
available and date stamped. While this was true for the coun-
tries considered in this paper, this information may not be
available for other geographical locations or industry and
companies. In this case, a rank can be developed with the
engagement of stakeholders.
 It has been assumed that to recycle products, all materials have
to be recovered. In practice, dismantling occurs and some of the
materials are sacriﬁced. In this case, the bill of materials can be
revised to ignore the sacriﬁced materials and still enable
assessment by the methodology developed.
 The value of virgin materials was used in this study but mate-
rials value can reduce after recycling. However, the residual
value is usually proportional to the value of virgin materials.
Where recyclate material values exist, these can be used to
reﬁne the analysis.
 It was assumed that recycling takes place through available
mature technologies. The maturity of technologies is an
evolving target. For nations or regions considering recycling
priorities of the future, they may ignore modelling the TRL scale
and deﬁne priorities that enable the development of new
relying technologies for priority products.
 The separation of materials is not just a binary challenge and can
be affected by the joining technologies used. It has been
assumed in this paper, and in previous papers, that separation is
a possibility. In future research, it may be necessary to consider
different weights according to the ease of reversing the joining/
welding technology used. Alternatively, partial dismantling has
to be considered.
 Legislation has banned and can ban disposal of some products
and materials to landﬁll. In this case, prioritisation is less critical
because legislation has to be met.
 In the future, there may be need to develop a support software
or database to help in end of life decisions. Product bill-of-
materials information could be better shared by manufac-
turers or carried in a product passport.
 There is need to publish updated material security indices for
different countries as well as available recycling and remanu-
facturing technologies. The production volume of products, and the amount of end-of-
life products, will inﬂuence recycling uptake if the products and
waste are collected. As an example, there are currently almost
90 million mobile phone users in the UK and 236 million in the
US (Appendix Tables A1 and A2). These large numbers of mobile
phone will inﬂuence the need for recycling and a circular
economy. Future research is needed to consider these core
supply chain factors.
 The study considered three factors: complexity, technology
readiness level and materials security index. Whilst these have
been considered to be comprehensive, they are not exhaustive.
Stakeholders could consider other factors to aggregate into the
analysis.
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Appendix
Table A3
Recycling rates for the United Kingdom.
Source Product UK Recycling
Rates (%)
Note/Assumptions
(ERP, 2012) Car battery 90 Wet Battery, Published
in 2014
(OnRecycle, 2012) Mobile phone 11 50% reuse
(Date, 2013) PET bottle 52 Plastic bottle recycling
rates
(WRAP, 2012) DVD-R 38 Selected WEEE products/
75% reuse
(WRAP, 2012) Desktop
computer
38 Selected WEEE products
(Halliwell, 2006) Wind turbine
20 kW
2 UK Composites
Recycling Rates
(Halliwell, 2006) Wind turbine
100 kW
2 UK Composites
Recycling Rates
(Halliwell, 2006) Wind turbine
330kw
2 UK Composites
Recycling Rates
(Cantrill and
Barnett, 2012)
Refrigerator 98 Envicom-brand/
company based
(ETRMA, 2012) Tire 98 e
(Eurostat Database,
2013)
Coffee maker 22 WEEE Products %
(WRAP, 2012) 38.40 e
(Halliwell, 2006) Wind turbine
5 kW
2.00 UK Composites
Recycling Rates
(Alfed, 2012) Ergo chair 75.00 Based on aluminium
recycling %
Table A4
Recycling rates for the United States.
Source Product US Recycling
Rates (%)
Note/Assumptions
(SmithBucklin
Statistics, 2014)
Car battery 99 Wet Battery
(ETBC, 2014) Mobile
phone
11 e
(APR, 2014) PET bottle 31.2 e
(ETBC, 2014) DVD-R 29.2 e
(ETBC, 2014) Desktop
computer
40 e
(Unser, 2001) Wind
turbine
0 **based on non-available
recycling centre
(US EPA, 2014) Refrigerator 40.4 e
(US EPA, 2014) Tire 44.6 e
(ETBC, 2014) Coffee
maker
29.2 E-waste recycling rates
(US EPA, 2014) Ergo chair 54.6 Based on aluminium
recycling rates
A.A. Mohamed Sultan et al. / Journal of Cleaner Production 154 (2017) 51e60 59References
Alexander, D., Sutter, H., 2008. Technology readiness assessment of department of
energy waste processing facilities: when is a technology ready for insertion?.
In: The Waste Management Symposium & Exhibition. Phoenix, Arizona,
pp. 1e10.
Alfed, 2012. UK Aluminium Industry Fact Sheet 5: Aluminium Recycling, Aluminium
Federation. West Bromwich.
APR, 2014. 2013 United States National Post- Consumer Plastics Bottle Recycling
Report, Association of Postconsumer Plastic Recyclers. American Chemistry
Council, Washington, D.C.
Asamrai, S., Raheb, P., 2015. Development of a Conﬁgurable System that Evaluates
the Materials Criticality at a Corporate Level. Karlstads, Sweden.
AWEA, 2015. U.S Wind Industry Fourth Quarter 2015 Market Report. American
Wind Energy Association, Washington DC.
Bakhtiary-Davijany, H., Myhrvold, T., 2013. On methods for maturity assessment of
CO2 capture technologies. Energy Procedia 37, 2579e2584.
BBC, 2004. Why do so many fridges get thrown away? [WWW Document]. BBC
News. http://news.bbc.co.uk/1/hi/magazine/4041927.stm (Accessed 21February 2016).
Cantrill, E., Barnett, L., 2012. Environcom Achieves 98% Fridge Recycling Thanks to
Unique Innovation [WWW Document]. Environcom. http://environcom.co.uk/
page.php?article¼810 (Accessed 06 May 2016).
Carmack, J., 2014. Technology Readiness Levels for Advanced Nuclear Fuels and
Materials Development Fuels and Materials Development. U.S. Dep. Energy
Natl. Lab. 1e6.
Chapman, A., Arendorf, J., Castella, T., Thompson, P., Willis, P., Esponoza, L.T., Klug, S.,
Wichmann, E., 2014. Study on Critical Raw Materials at EU Level. Oakdene
Hollins Faunhofer ISI.
Colledani, M., Battaïa, O., 2016. A decision support system to manage the quality of
End-of-Life products in disassembly systems. CIRP Ann. - Manuf. Technol. 65,
41e44.
Dahmus, J., Gutowski, T., 2007. What gets recycled: an information theory based
model for product recycling. Environ. Sci. Technol. 41, 7543e7550.
Date, W., 2013. Plastic Bottle Collection Rate Reaches 52 % [WWW Document].
Letsrecycle.Com. http://www.letsrecycle.com/news/latest-news/plastic-bottle-
collection-rate-reaches-52/ (Accessed 06 May 2016).
Despeisse, M., Kishita, Y., Nakano, M., Barwood, M., 2015. Towards a circular
economy for end-of-life vehicles: a comparative study UK e Japan. Procedia
CIRP 29, 668e673.
Eco-innovation, 2015. Glossary of Terms Used in the Eco-innovation Observatory
[WWW Document]. Eur. Comm. Dir. Environ.. http://www.eco-innovation.eu/
(Accessed 07 December 2015).
ERP, 2012. How Are Batteries Recycled ;? Paris.
ETBC, 2014. Facts and Figures on E-waste and Recycling. Electronics Takeback
Coalition, Oakland.
ETRMA, 2012. Used Tyres Recovery 2011. The European Tyre & Rubber Manufac-
turers’ Association, Brussels.
European Commission, 2014. Report on Critical Raw Materials for the EU. Brussels.
Eurostat Database, 2013. Recycling rate of e-waste [WWW Document]. Eurostat
Database, Eur. Union. http://ec.europa.eu/eurostat/web/products-datasets/-/
t2020_rt130 (Accessed 06 May 2016).
Granta Design, 2015. GRANTA CES EDUPACK.
Gupta, V., Ganesan, K., 2014. India ’ S Critical Mineral Resources : a Trade and
Economic Analysis. New Delhi.
Gutowski, T., Dahmus, J., 2005. Mixing entropy and product recycling. In: Proc. 2005
IEEE Int. Symp. Electron. Environ., pp. 72e76.
Habib, K., Wenzel, H., 2015. Reviewing resource criticality assessment from a dy-
namic and technology speciﬁc perspective e using the case of direct-drive wind
turbines. J. Clean. Prod. 112, 3852e3863.
Hagelüken, C., 2006. Improving metal returns and eco-efﬁciency in electronics
recycling metals smelting and reﬁning. In: Proceedings of the 2006 IEEE In-
ternational Symposium on ELECTRONICS & the ENVIRONMENT. IEEE, Scotts-
dale, AZ USA, pp. 218e223.
Halliwell, S., 2006. End of Life Options for Composite Waste Recycle, Reuse or
Dispose ? National Composites Network Best Practice Guide. National Com-
posites Network, Cambridge.
Hook-barnard, I., Norris, S.M.P., Alper, J., 2014. Technologies to enable autonomous
detection for BioWatch: ensuring timely and accurate information for public
health Ofﬁcials . In: Workshop Summary. The National Academies Press,
Washington, D.C.
Jimenez, H., Mavris, D.N., 2014. Characterization of technology integration based on
technology readiness levels. J. Aircr. 51, 291e302.
Jozefek, J., 2014. U.S PET bottle recycling rate climbs to 31.2% [WWW document].
Waste Manag. World. https://waste-management-world.com/a/u-s-pet-bottle-
recycling-rate-climbs-to (Accessed 06 May 2016).
Kim, H.C., Keoleian, G.A., Horie, Y.A., 2006. Optimal household refrigerator
replacement policy for life cycle energy, greenhouse gas emissions, and cost.
Energy Policy 34, 2310e2323.
Magnaye, R.B., Sauser, B.J., Ramirez-Marquez, J.E., 2010. System development
planning using readiness levels in a cost of development minimization model.
Syst. Eng. 13, 311e323.
McDonald, C., 2013. UK sees Fastest Falling PC Shipments in Western Europe
[WWW Document]. Computerweekly.Com. http://www.computerweekly.com/
(Accessed 23 February 2016).
Morley, N., Eatherley, D., 2008. Material Security: Ensuring Resource Availability for
the UK Economy. C-Tech Innov. Ltd, pp. 1e36.
MTD, 2015. Facts issue 2015. Mod. Tire Deal 1e56.
Nakamura, H., Kajikawa, Y., Suzuki, S., 2012. Multi-level perspectives with tech-
nology readiness measures for aviation innovation. Sustain. Sci. 8, 87e101.
National Science and Technology Council, 2016. Assessment of Critical Minerals:
Screening Methodology and Initial Application. Washington, D.C.
NationMaster, 2010. Countries compared by industry-car-production. In: Interna-
tional Statistics at NationMaster.Com [WWW Document]. Int. Organ. Mot. Veh.
Manuf.. http://www.nationmaster.com/country-info/stats/Industry/Car/
Production (Accessed 05 May 2016).
Ofcom, 2015. CMR Facts & Figures 2015 [WWW Document]. Indep. Regul. Compet.
Auth.. http://media.ofcom.org.uk/ﬁles/2015/facts-ﬁgures-table15.pdf (Accessed
05 May 2016).
OnRecycle, 2012. Reuse, Recycle or Throw Away [WWW Document]. OnRecycle.
URL onrecycle.co.Uk (Accessed 05 May 2016).
PlasticsEurope, 2013. Plastics-the Facts 2013: an Analysis of European Latest Plastics
Production, Demand and Waste Data. Association of Plastics Manufacturers,
Brussels.
A.A. Mohamed Sultan et al. / Journal of Cleaner Production 154 (2017) 51e6060RenewableUK, 2013. Small and Medium Wind UK. Market Report. RenewableUK’s
Wind Energy, London.
Rookley, H., 2016. Aeron Chair Statistics UK and US Production. Herman Miller, Inc.
Rybicka, J., Tiwari, A., Leeke, G. a, 2016. Technology readiness level assessment of
composites recycling technologies. J. Clean. Prod. 112, 1001e1012.
Sadin, S.R., Povinelli, F.P., Rosen, R., 1989. The NASA technology push towards future
space mission systems. Acta Astronaut. 20, 73e77.
Sezen, B., Çankaya, S.Y., 2013. Effects of green manufacturing and eco-innovation on
sustainability performance. Procedia - Soc. Behav. Sci. 99, 154e163.
Sherwood, T., 1959. Mass Transfer between Phases, Encyclopedia of Chromatog-
raphy, second ed. (Pennsylvania).
Shuaib, N.A., Mativenga, P.T., Kazie, J., Job, S., 2015. Resource efﬁciency and com-
posite waste in UK supply chain. Procedia CIRP 29, 662e667.
Silverman, R., 2013. Kettle Sales Lose Steam as Coffee Machines Grow Ever More
Popular [WWW Document]. Telegr. http://www.telegraph.co.uk/ﬁnance/
newsbysector/retailandconsumer/9798786/Kettle-sales-lose-steam-as-coffee-
machines-grow-ever-more-popular.html (Accessed 05 May 2016).
SmithBucklin Statistics, 2014. National Recycling Rate Study. Battery Council In-
ternational, Chicago, Illinois.
Statinfo, 2005. Production e Household Refrigerators d Country and Region
Comparisons [WWW Document]. Statinfo.biz (Accessed 23 February 2016).
Statista, 2013. UK number of DVD Player or Recorder Households in the United
Kingdom (UK) 2007-2013. [WWW Document]. Stat. Inc.. www.statisa.com
(Accessed 05 May 2016).
Statista, 2010. US Retail Sales of Coffee Makers 2010 [WWW Document]. Stat. Inc..www.statista.com (Accessed 05 May 2016).
Straub, J., 2015. In search of technology readiness level (TRL) 10. Aerosp. Sci.
Technol. 46, 312e320. http://dx.doi.org/10.1016/j.ast.2015.07.007.
TIF, 2011. Factbook: a Guide to the UK Tyre Industry fromManufacture to End of Life
Reprocessing. Tyre Industry Federation, United Kingdom.
Umeda, Y., Takata, S., Kimura, F., Tomiyama, T., Sutherland, J.W., Kara, S.,
Herrmann, C., Duﬂou, J.R., 2012. Toward integrated product and process life
cycle planningdan environmental perspective. CIRP Ann. - Manuf. Technol. 61,
681e702.
Unser, J.F., 2001. Structural Components from Recycled Fiber- Reinforced Compos-
ites. Smalll Business Innovation Research (SBIR)-Phase 1, EPA.
US EPA, 2014. Municipal Solid Waste Generation, Recycling, and Disposal in the
United States: Facts and Figures for 2012. US Environmental Protection Agency,
Washington, DC.
US EPA, 2011. Electronics Waste Management in the United States through 2009.
National Service Center for Environmental Publications (NSCEP), United States
of America.
Williamson, R., Beasley, J., 2011. Automotive technology and manufacturing readi-
ness levels: a guide to recognised stages of development within the automotive
industry. Low. Carbon Veh. Partnersh. Automot. Counc. 1e7.
WRAP, 2012. WEEE Recovery in the UK : the Current Situation and the Road Ahead.
Waste and Resources Action Programme, Banbury, Oxon.
Yam, K.L., 2009. Encyclopedia of Packaging Technology, third ed. Wiley, A John
Wiley & Sons, Inc. A John Wiley & Sons, Incl, United States of America.
